We analyze several unusual filamentary structures, which appeared in the umbra of one of the sunspots in AR 11302. They do not resemble typical light bridges, neither in morphology, nor in evolution. We analyze data from SDO/HMI to investigate their temporal evolution, Hinode/SP for photospheric inversions, IBIS for chromospheric imaging and SDO/AIA for the overlying corona. Photospheric inversions reveal a horizontal, inverse Evershed flow along these structures, which we call umbral filaments. Chromospheric images show brightenings and energy dissipation, while coronal images indicate that bright coronal loops seem to end in these umbral filaments. These rapidly evolving features do not seem to be common, and are possibly related to the high flare-productivity of the active region. Their analysis could help to understand the complex evolution of active regions.
1. INTRODUCTION Bright structures can often be observed inside the umbra, either as umbral dots or light bridges (LBs). While the term "light bridge" is often used to denote a bright lane separating a sunspot's umbra into two parts, several classifications were proposed, which also included "penumbral" or "faint" LB that are only intrusions into the umbra (Vazquez 1973; Sobotka 1997) . Most LBs show a sequence of granules, similar to photospheric granulation, or aligned bright grains. Very few seem to have a filamentary structure, looking as if penumbral filaments extend into the umbra. Indeed, before subarcsecond resolution images were available it was thought that "a granular structure is common in all light-bridges" (Vazquez 1973 ). To our knowledge, the first picture of a filamentary structure in the umbra was shown by Muller (1979) , where it seems that two sets of several penumbral filaments protrude into the umbra and later connect. Livingston (1991) reported an observation where a filament seemed to continue into the umbra from the penumbra and he speculated that the field may be more inclined there. But the resolution of the photograph is too limited to resolve structures inside the LB. None of these filaments however are reported to appear suddenly or to change their propagation direction, both of which we will present in this paper.
The origin and evolution of LBs is still unclear. Their magnetic field strength is lower than the surrounding umbral field and their inclination is more horizontal (Beckers & Schröter 1969; Lites et al. 1991; Rüedi et al. 1995; Leka 1997) . Chromospheric activity was reported above LB in the form of plasma ejections and localized brightenings (Roy 1973; Asai et al. 2001; Louis et al. 2008; Shimizu 2011; Liu 2012) . Louis et al. (2009) found strong photospheric downflows of up to 10 km/s in LB, some of which are co-spatial with simultaneously occurring chromospheric brightenings. Because of the different inclination and field strength of the LB compared to the umbral field, currents or stress, possibly leading to reconnection, may be expected.
In this paper, we will present observations of some unusual LB, or rather filaments protruding into the umbra, which occurred in one spot of the very flare-productive AR 11302. They do not resemble the typical granular LB, they do not cross the umbra, nor do they lead to the splitting and decay of this sunspot. Instead, they appear within hours and look as if a penumbral filament of more than 10 ′′ length was launched into the umbra. The only similar observation we found in the literature can be seen in Fig. 1 of Rüedi et al. (1995) showing LB in the shapes of hooks, which are no longer visible on the next day's image, suggesting that they are an equally dynamic phenomenon as our observations. Our chromospheric images show bright plasma above these filaments, which appear to be connected in the chromosphere and seem to correspond to footpoints of coronal loops.
2. OBSERVATIONS AR 11302 was visible to Earth-bound observations from September 22, 2011 -October 4, 2011 . For our analysis, we combine data taken by Hinode (SOT/SP), SDO (AIA and HMI) and IBIS.
2.1. Hinode SOT/SP SOT/SP aboard the Japanese Hinode satellite (Kosugi et al. 2007; Tsuneta et al. 2008; Suematsu et al. 2008; Ichimoto et al. 2008 ) is a slit-scanning spectropolarimeter with a spatial resolution of 0.32 ′′ , a spectral resolution of 21.5 mÅ and a polarimetric sensitivity of 10 −3 I c . We analyzed 10 maps, taken between 23 September 2011, 23:21 UT and 26 September 2011, 11:02 UT. The data reduction was performed with the standard SolarSoft routines in IDL, mainly developed by B. Lites.
The strength of SOT/SP is a high-resolution wavelength coverage for both the 6301.5Å and the 6302.5Å lines. These data are ideally suited for inversions to derive photospheric atmospheric parameters. The disadvantage of SP is the required duration to scan across the solar surface to obtain one map (about 40 minutes for the analyzed observations). Therefore, other instruments were used to analyze dynamic phenomena. Pesnell et al. 2012 ) is a satellite with two different imaging instruments:
AIA (Lemen et al. 2012 ) and HMI Schou et al. 2012) .
We analyzed AIA images in the wavelengths of 4500Å, 1600Å, 304Å and 171Å. HMI was used to obtain more frequent continuum images, as AIA only takes one frame per hour in 4500Å. AIA and HMI data were reduced with SolarSoft, which despikes, flat fields, removes bad pixels, rotates to a common coordinate system and interpolates all data onto a 0.6 ′′ /px plate scale. AIA's strength are continuous images in many wavelength regions, apart from short blackouts during eclipses that lasted about 1 hr on our observing dates. A disadvantage is the lower spatial (AIA and HMI) and spectral (HMI) resolution, which for example did not show the complex Stokes profiles in the observed filaments.
IBIS
IBIS is a dual Fabry-Perot imaging spectropolarimeter (Cavallini 2006; Reardon & Cavallini 2008) . Several spectral lines with user-defined spectral steps can be scanned in sequence. IBIS has an approximate field of view (FOV) of 40 ′′ × 80 ′′ in polarimetric mode, a spatial resolution of 0.2 ′′ , and a polarimetric sensitivity of 10 −2 . We recorded 20 scan sequences of the western spot of AR 11302 on Sep 24, 2011, from 17.51 UT to 18.22 UT. One scan of the Ca II 8542Å line contained 23 wavelength points with a spectral sampling of 70 mÅ around the line core and lasted 25 s. Three other spectral lines (Fe I 6302Å, H α 6563Å and Na I 5896Å) were also scanned, but are not presented in this paper. The seeing was very variable, making it necessary to exclude sequences where the seeing was not constant and good during the 25 s scan time. IBIS records six modulation states per wavelength (called I + Q, I − Q, I + U , I − U , I + V , I − V , although each state is a linear combination of all Stokes parameters), which after demodulation result in one image of the Stokes vector (I, Q, U , V ).
The data reduction for IBIS includes a dark correction, flatfielding and alignment of the broadband and the narrowband channels, the first of which is specklereconstructed with KISIP (Wöger & von der Lühe 2008) and used to destretch the images of other channel. A disadvantage of the collimated mount of the Fabry-Perots is the wavelength-variation across the FOV. The final images are interpolated to a common wavelength scale to obtain truly monochromatic images. A polarization calibration taking into account the telescope and the instrument properties is also applied. All these steps can be done nearly automatically with a GUI that we developed. Seeing variations during the scan will lead to a bad wavelength interpolation, and seeing variations during the six modulation state images will lead to crosstalk. There- Table 1. fore, we completely omitted scans with variable seeing from the analysis.
The main advantage of IBIS is the capability for imaging spectropolarimetry in the chromosphere. Being the only ground-base instrument used for this study, its main disadvantage is the variable seeing and the limitation of observing time.
3. UNUSUAL FILAMENTS During the evolution of AR 11302 at least three unusual filaments could be observed and are shown in Figure 1. We will use the word "filament" in the photospheric sense, as in "penumbral filament", but these observations are not related to the chromospheric, largescale filaments seen in H α. All of our observed filaments were wider than regular penumbral filaments and moved inside the umbra. Table 1 summarized their properties, such as life times and sizes. The life times are approximate because the spatial resolution of SDO does not allow to determine the exact appearance and disappearance. Filaments, which occurred too close to the solar limb were omitted from the analysis. The width of the filaments was measured in three locations in Fig. 1 , once at the edge of the umbra, once at their approximate middle and once where the filament seems to end, which is the least exact value because faint traces may be seen further out or the filament head splits.
Bright penumbral filaments have a typical width of -Temporal evolution of the umbral filaments (denoted by arrows) in 2 hr steps during about 3 days. These continuum images were taken by SDO/HMI, which was eclipsed by the Earth around 7 am each day, which is why some frames are missing.
0.3-0.6
′′ and a life time of few minutes to 4 hr (Solanki 2003 , and references therein). Newer measurements (Rouppe van der Voort et al. 2004) do not find any preferred width of penumbral filaments, but instead conclude that unresolved filaments with a width below 0.1 ′′ are present. Our observed filaments have about double or triple width of typical bright penumbral filaments and their life times are much longer. Their average intensities are equal to those of penumbral filaments. Another difference seems to be that while penumbral filaments often have a very bright (brighter than continuum intensity) head, our filaments become fainter towards their heads.
Because these filaments do not have the same properties as typical penumbral filaments, could they be more similar to LB? Our observed filaments do not seem to have a granular structure, ruling out a similarity to most LB. Also, they do not separate umbrae and all of them are hook-shaped, which is not typical for LB. Because there are so many definitions for LB, spanning different sizes (from below arcsec to several arcsec) and morphologies (granular, filamentary) one might argue that they are a rare, special type of LB. But because they do not resemble most LB and in fact, do not "bridge" across the umbra, we will call them umbral filaments (UF). Figure 2 shows the temporal evolution of the western spot of AR 11302 during about 3 days. The white arrows point out UFs. The NE filament (arrow at 2011-09-23, 15:30) is questionable because of the sunspot's foreshortening due to the proximity of the limb. UF 1 (2011-09-24, 12:00) seems to evolve from a LB, whose north-eastern half merges with the penumbra, leaving only the hooked filament visible. The UF seems to be formed from the filamentary looking end of the LB, while the rest of the LB showed a granular structure (see Fig. 9 below for highresolution intensity image). It vanishes around 15:00 on Sep 26 by losing contrast compared to the umbra. The sunspot, or at least the filament, seems to rotate during its lifespan.
Temporal Evolution
UF 2 (2011-09-24, 16:00) is the most dynamic filament with a life time of 8.5 hr. Its length and change of length can be seen in Fig. 3 . The length was measured from SDO/HMI images in intervals of 15 minutes from the edge of the penumbra, along the filament, to the last visible pixel of the filament head. Because of the slightly lower spatial resolution of SDO, the filament length is underestimated by about 1.5 ′′ compared to IBIS in Fig. 1 , where its faint head can be seen. We estimate an additional error of ± 2 pixels arising from the uncertainty where the filament ends in the SDO/HMI images and the error bars only reflect this error. The measured values were smoothed in an interval of 45 minutes to minimize that measurement inaccuracies influence the velocity calculation. The apparent change rate lies between 1.2 and -1.1 km/s, which is the same order of magnitude of velocities of umbral dots, penumbral grains or the average Evershed flow (del Toro Iniesta 2000; Stix 2002; Solanki 2003 , and references therein).
UF 3 (2011-09-24, 8:00) appeared as a projected loop, whose lower half vanished after a few hours. Its projection angle is different than that of UF 1, which looks more horizontal. Over the next 24 hr, UF 3 curled westwards, creating a temporary LB and a channel of opposite polarity (shown in Section 6). The small spot created by this LB vanished later on Sep 28 and the light bridge became indistinguishable from the penumbra.
4. CORONA ABOVE UMBRAL FILAMENTS SDO/AIA images allow us to study the overlying corona. Figure 4 shows emission from four different height ranges in the solar atmosphere, from the photosphere to the corona (left to right). Contours of the active region are drawn on each image, representing 0.9 and 0.3 I c . The lower panels are a magnification of the upper panels, centered on the spot with the UFs. The 171Å panels show one loop system south of the active region and its western footpoints seem to end in the two southern UFs and their extension in the penumbra. Enhanced emission can be seen in 1600Å at these places. The northern filament seems to be the footpoint of another loop system, which continues towards the west and is best visible in 304Å.
The visibility of these loop systems was very variable and they changed rapidly as many strong flares occurred on Sep 24, 2011. Most of the strong (M and larger) flares took place in AR 11302. The X-ray flux while the UFs were present is shown in Fig. 5 . The color-coded vertical lines denote the appearance and disappearance of the three observed filaments. Because these filaments seem to be related to coronal loops and loops change significantly during flares, there probably is some correlation between flares and UFs. It is however unclear if for example shearing motions in the photosphere (filaments moving) cause the coronal loops to rearrange, reconnect and flare. However, it is interesting that the most dynamic UF 2 was present during the most active phase of AR 11302 with 4 M-flares within less than 3.5 hr. The disappearance of UF 1 was gradual as can be seen in Fig. 2 , and therefore probably not directly correlated with the single M-flare occurring right at that time.
5. CHROMOSPHERE ABOVE UMBRAL FILAMENTS While the photosphere shows the three filaments as separate features with different life times, at least two of them (UF 1 and 3) seem to be connected in the chromosphere. This connection could be because of a current sheet or low lying loops. Figure 6 shows the chromospheric Stokes I observed with IBIS at four different time steps (left to right, UT time given above images) in the 8542Å line core -130 mÅ. An M2.8 flare started at 17.59 UT, reaching a maximum at 18.05 UT, and one of its footpoints is visible in the third and fourth image. The UFs in the chromosphere were bright already before the flare started. The brightness of the northern filament (UF 3) increased significantly after the flare. From SDO/AIA images (Fig. 4) it is evident that the UFs were already bright as soon as they started to be visible in the umbra, indicating that their dissipation of energy might be related to currents because of shearing and not primarily flaring. Flares increase the energy and temperature along these filaments when particles travel along coronal loops to the chromosphere, probably leading to the additional brightening seen in the fourth image. The figure also shows that at least the northern filament extends far outside of the penumbra (arrows in third image) and seems to either lie above the usual penumbral structure or have a higher density. The structure of the connection of the filaments by a bright ribbon crossing the umbra seems to remain constant during at least 25 minutes, with only the intensity changing because of the flare.
Images in the blue wing of the 8542Å line also show emission above the UFs, although it can be seen in Fig. 7 that the location of the emission is spatially shifted. The two filaments on the southern side of the spot show the emission shifted towards the east (left in image), while the northern filament has emission toward its north-east. By comparing with Fig. 4 , it seems that the emission is in the direction of the coronal loops and we can conclude from the right panel of Fig. 7 that the energy, which leads to emission, is not dissipated in the lower photosphere, otherwise there would not be an offset between enhanced emission and filament location. Instead, the dissipation seems to happen in the upper photospheric or lower chromospheric level. By perturbing a model atmosphere iteratively and calculating sets of Stokes profiles, one can find the best fit to the measured Stokes profiles. This fitting process is called inversion and can derive atmospheric parameters for each pixel of the observations. Milne-Eddington (ME) inversions (Skumanich & Lites 1987; Borrero et al. 2011) Schlichenmaier & Collados 2002; Bellot Rubio et al. 2004) . One component is more vertical and has a stronger magnetic field and it is associated with the background magnetic field in the sunspot. The more horizontal and weaker magnetic field component is related to the flux tubes, i.e. the filamentary penumbra. These two components are an idealized representation of the sunspot atmosphere that help us to get a better understanding of the results of the inversion. Although they have been referenced with different terminologies (Lites et al. 1993; Solanki & Montavon 1993; Title et al. 1993 ), the picture is nearly equal the one described above. As explained further below, we will use two atmospheric components for the inversions for the same reason.
To determine the best strategy for the inversions, we selected several pixels along the filaments for testing. They show asymmetric Stokes profiles, not only in Stokes V , but also in Q and U , several lobes in the same wing of the Stokes V profile or asymmetric Stokes I profiles. Figure 8 shows two sets of these profiles (solid black) with their location near the filament indicated by the red box in the small image. The inversions are overplotted with red circles. In the first row, Stokes V shows three lobes. A simple way to explain these kind of profiles is by considering the presence of two components (or atmospheres) in the same pixel with opposite polarities and different velocities. In the second row, all Stokes profiles are asymmetric. This tells us that these profiles are associated with an atmosphere with gradients, possibly in v LOS and B.
The mean circular polarization degree (MCPD) and mean linear polarization degree (MLPD) also give us valuable information about the atmosphere where the Stokes profiles were generated. The MCPD is calculated as
The MLPD is calculated as The integrals are evaluated from λ 0 = 6301.29Å to λ 1 = 6301.71Å in the case of Fe I 6301Å, and from λ 0 = 6302.27Å to λ 1 = 6302.70Å for Fe I 6302Å. These wavelength intervals cover all the relevant polarization signals, avoiding the contribution of the continuum. The MCPD and MLPD are good proxies of the vertical and horizontal component of the vector magnetic field, respectively. Figure 9 shows the parameters corresponding to the data observed on Sep 24, 2011 at 13:00. Top row, left to right, are: the slit-reconstructed intensity map (normalized with respect to the continuum in an average quiet Sun profile), the MCPD and MLPD maps. In the MCPD and MLPD maps we can distinguish two parts. In the MCPD map the limb-side (left side on the image) has lower values (darker) than the center-side (right). This effect is opposite in the MLPD map. Schlichenmaier & Collados (2002) and Bellot Rubio et al. (2004) described this bimodal behavior of the polarization degree maps in the penumbra as the co-existence of two different magnetic components in the penumbra. We can also observe this sharp variation of the polarization in both UFs. UF 1 and UF 3 are black at the limb-side in both polarization degree maps. On the center-side, UF 3 is gray in the MCPD map and white in the MLPD, just outside of the contour in both maps and UF 1 looks similar. The interpretation given by Borrero et al. 2004) , the observed Stokes profiles, and the model of the penumbra discussed above suggest to use a two component model atmosphere for our inversions.
The number of nodes of the atmospheric parameters (degrees of freedom) in the inversions used in this paper are shown in Table 2 . The quadratic behavior of the magnetic field strength and velocity in the line of sight (LOS; nodes = 2) allow a gradient in these parameters. Similarly, the larger degrees of freedom in the temperature allow a good fit to the (often asymmetric) Stokes I profiles. In addition, we included a variable stray light component, which is introduced as an average intensity profile in a magnetically quiet area located in the vicinity of the sunspot. Although other combinations of nodes were tested, the selected ones offer a good trade-off between reliability of the output atmosphere and the errors given by the inversion code on one hand and the fits of the Stokes profiles on the other. The difference between the two atmospheric components in each pixel of the data was the initial inclination (0 • and 45
• in the LOS frame) and the initial magnetic field strength (1kG and 2 kG). These values were deliberately chosen not to match the expected solution, to allow the inversion code to sample a large parameter space. Table 3 shows the dates, location, and area of the nine inverted maps. The first time in the table is the timestamp in the Hinode database (start obs). The time in parenthesis refers to the time when the spectrograph slit was located approximately in the middle of the studied sunspot and this was our reference time for the location and µ. The last column shows the inverted area for each scan. The nine maps were observed far away from disk center. Therefore, their v LOS maps show a clear Evershed flow pattern. This pattern can be clearly seen in the two atmospheric components (model 1 and 2 ) in the middle and bottom rows of Fig. 9 . These rows show from left to right: B, v LOS 1 and the magnetic field inclination in the local reference frame. The intensity contour of the umbra-penumbra edge was overplotted in all the parameters, except for the intensity map. Two UFs are visible in the lower and the upper part of the umbra. Keeping the numbering from the previous sections, the southern (lower one) is called UF 1 and the northern UF 3.
Analysis and Results
The magnetic field strength for model 1 is lower than for model 2. The magnetic field of the UFs is closer to umbral than to penumbral values. The inclination of model 1 is more horizontal (closer to the solar surface). Model 2 is associated with a wide range of inclination values, from nearly vertical (with respect to the vertical in the local reference frame) in the umbra to nearly horizontal in the outer part of the penumbra.
The average filling factor of model 1 is 30% ± 5% in the inner penumbra and 60% ± 5% in the outer penumbra. Obviously, model 2 complements these values to 100%. The average atmospheric filling factor of UF 3 is (30%,70%)±5% and for UF 1 (50%,50%)±5% for (model Fig. 10 .-Temporal evolution of the intensity (top row) and v LOS for models 1 and 2 (middle and bottom row, respectively). A reversed Evershed flow is clearly visible, mostly in the more horizontal model 1, but also at the footpoints of UF 1 in model 2. 1, model 2). The stray light contribution is less than 5.0% ± 0.5% for the penumbra. The Evershed flow is moving outwards from the umbra to the outer part of the penumbra. If the sunspot is located off disk center, the component of the velocity vector in the LOS will be redshifted on the limb-side of the sunspot and blueshifted on the center side. However, the UFs show opposite colors. In model 1, UF 1 is blueshifted with respect to the LOS from the mid penumbra and redshifted when it reaches the umbra. Its surroundings are clearly redshifted, as it is on the limb-side of the penumbra. UF 3 is showing the same behavior on the center-side with opposite values: it is redshifted in the mid penumbra and blueshifted inside the umbra, while the penumbra is blueshifted. This means that the flow associated with the UFs is directed from the middle part of the penumbra to the mid umbra, opposite to the Evershed flow. If we assume that the magnetic field is driven by the kinetic flow, which is usually true in the photosphere, the observed UFs move magnetic flux into the umbra. Model 2 only shows a contribution in the footpoint of UF 1, with a blueshifted patch in the mid penumbra and a redshifted patch in the mid umbra. UF 3 in model 2 is hardly showing a blueshifted footpoint in the umbra at the coordinates [36, 39] , but almost the whole part of UF 3 is redshifted.
In summary, we can distinguish a mostly horizontal, weaker magnetic component (model 1) that is mainly driving the Evershed flow, but the UFs are clearly showing a flow opposite to the Evershed flow. A stronger background component (model 2) shows a large variation of its inclination, going from almost vertical in the inner penumbra to almost horizontal in the outer penumbra. The UFs are clearly associated with the horizontal component, but their footpoints are visible in the background component. We will discuss the topology of the UFs in Section 7. Figure 10 shows the temporal evolution of v LOS of UF 1. The day (all images are from Sep 2011) and the hour of the inverted data are displayed above the intensity images, in the first row of the figure. The second and third rows show v LOS for model 1 and 2, respectively. The umbra-penumbra intensity contour was overplotted for both models. UF 1 splits the umbra into two parts between the first snapshot (23 23:21) and the third one (24 12:08), but it does not resemble typical LBs: Its southern end is very thin and does not have a granular structure, while the northern part of the structure does show a granular pattern. UF 1 seems to form from only the filamentary part. The granular part seems to merge with the penumbra. At this time, the sunspot is close to the limb (µ = 0.56 − 0.65), and therefore we cannot discard some projection effects. We cannot conclude whether UF 1 is the final stage of a previous LB, a failed LB formation, or a different phenomenon. In these three first snapshots, the UF starts to develop a prominent blueshifted footpoint. The velocity in the central part of the footpoint is as large as −9 km/s. This velocity goes toward zero closer to the umbra, where the other footpoint shows redshifted velocities. In these early stages, v LOS reaches the largest blueshifted values in model 1. In the fourth and fifth snapshots, the UF becomes thinner, but it is always showing a blueshifted footpoint in the penumbra and a redshifted footpoint in the umbra, while the Evershed flow is clearly redshifted in the limb-side of the penumbra. Its maximum length is ∼17 ′′ in the blueshifted part, and 10 ′′ taking into account the non-shifted (displayed in white color) and redshifted part. UF 3 shows a similar behavior with a smaller values of v LOS . It may be because of a real smaller velocity or because of a larger uncertainty to determine the values of the parameters in the center-side of the penumbra (Borrero et al. 2004) . Fig. 11 .-Two simple schematics depicting a sunspot, which might explain the observed umbral filaments. The model on the left shows the filament (gray) as a sheet, spanning many atmospheric heights. On the right, the UF is shown as dense structure, which might block the observer from seeing the material below it.
DISCUSSION
To understand what UFs are, we need to address several questions about their inverse Evershed flow and their morphology and evolution. In the following, we will present two schematic scenarios, shown in Fig. 11 , which we will then use to explain some of the observed phenomena.
Each part of Fig. 11 shows a simple sunspot model, where the more horizontal component of the penumbral magnetic field is represented by lines connecting the outer part of the umbra with the outer part of the penumbra, while the more vertical or background component is displayed as unconnected lines going up from the outer part of the umbra. The model on the left will be called the umbral filament sheet model and on the right, we show the massive umbral filament model.
In the sheet model, the UF is formed by a sheet, which cuts the solar atmosphere from the photosphere to the corona. This model can be explained as a 2D extension of a bifurcation of field lines through the solar atmosphere (see Figure 7 .22 in Parker 1994). Thus, our sheet might be a topological feature of separating flux bundles that are adjacent to each other in and above the umbra and connecting to spatially separated regions, for instance in the network. The base of the sheet is as curved as the horizontal component of the penumbra. Mass is flowing inside the sheet, from outside of the sunspot to the umbra. This inflow would be a siphon flow produced by the pressure difference between the umbra base and the magnetically connected far regions in the network. There could be shearing at the boundary layers, leading to energy dissipation, which might explain the emission at chromospheric and upper photospheric heights. The sheet would need to be dense enough to keep its structure for a few days, but its mass cannot be too large to split the sunspot (in case of UF 1 and UF 2) or just enough to do so (case of UF 3). The regular Evershed flow may just surround the sheet, but it is unclear what would happen at the boundary.
Another possibility is that we are observing a thick, magnetic flux tube, with a high enough density that the observed region (i.e., τ = 1) is formed higher for the tube than for the penumbra, as depicted in the massive umbral filament model. In this case, the opposite flow may be the usual reversed Evershed flow, which is commonly observed higher in the solar atmosphere (St. John 1913; Beckers 1962; Maltby 1975; Solanki 2003) . The regular Evershed flow may be present below our flux tube. However, it might be difficult to explain how this elevated, massive flux tube evolves into a LB or a structure similar to a LB, as it seems to happen with UF 3, which separates the umbra into two parts at some point during its lifetime. One possibility is that this flux tube becomes heavier and heavier, and falls down to the photosphere, with enough mass and energy to split the sunspot, which however is the opposite picture to regular convective motions that form LBs.
Which model can now explain the observations better? The reversed Evershed flow can be explained by both, either as a pressure-driven flow inside the sheet or as a regular inverse flow that is commonly observed in the chromosphere. The boundary between regular and opposite Evershed flow is harder to explain in the sheet model, because one would expect turbulent motions, which are not observed (with our spatial resolution). Both models could explain the visibility of the UFs in different atmospheric layers, but the data do not allow to determine if the inflow is present at all heights. Influences on coronal loops through photospheric motions may also be explained by both models, thus no model excludes or directly supports a relation to flares. The motions, especially the curling and unwinding might be explained by the apparent rotation of the sunspot, but calculations would be needed to determine if the massive flux tube, being located higher in the atmosphere, would easily follow these photospheric motions. Both models could support the apparent connection of two UFs in the chromosphere, either as connected sheets or as density variations within the massive flux tube. In summary, both models may be used to explain the observed features and without additional observational data we cannot exclude either of them. High-sensitivity chromospheric spectropolarimetric data would be needed to for example determine the inclination of the magnetic field. It is unclear how the inclination varies from close to horizontal in the photosphere to probably vertical in the lower corona, assuming that the field is oriented along the observed coronal loops. These simple models also cannot explain under which solar conditions UF may form.
For the global picture, we can assume that there is significant shearing through the observed photospheric motions. This will probably lead to rot(B) = 0 in the higher atmospheric layers. Currents are thus induced, and energy is dissipated, which is probably related to the observed emission near the UFs at chromospheric heights. The emission was already present before the Mflare started and increased right after the flare. With a radiative cooling time of about 90 s at this height, energy needs to be supplied continuously to keep the ribbon-like structure bright for a longer period of time.
CONCLUSIONS
The different instruments used in this study of AR 11302 allow us to determine a more complete picture through different atmospheric layers. The UFs are observed in the photosphere as thin, curled filaments, which reach from the penumbra well into the umbra. UF 1 seems to evolve from an atypical LB and rotates around the sunspot's umbra; UF 2 is launched very fast into the umbra, has the shape of a hook and does not split the umbra and it disappears within 8.5 hr; UF 3 seems to evolve from a looped penumbral filament, whose footpoints first stay in the penumbra, but then one of them seems to move, creating the actual UF. UF 3 seems to evolve into a LB, which only separates a very small part of the umbra, but this part disappears after a few days.
The lifetime of the UFs varies from several hours to a few days: UF 1 approximately lived for 3 days, UF 2 for 0.4 days and UF 3 lived as thin, curled structure for 1 day, then it existed for two more days as a LB. Their presence correlates with the most flare-productive phase of AR 11302.
These UFs are not a common occurrence in sunspots and to our knowledge, have not been reported before. Their most striking property is a flow opposite to the Evershed flow, which goes from the outer penumbra into the umbra and is well visible in the inverted photospheric data. Plasma is therefore probably transported from outside of the sunspot into the umbra, assuming that the flow follows the inclined field lines.
The UFs are also visible in chromosphere and in the corona as extended structures going from the umbra to the network, i.e., further outside of the penumbra. The chromospheric images show emission at the location of these filaments and coronal images allows us to identify them as footpoints of bright coronal loops. This fact, combined with their dynamic evolution can lead to the speculation that these photospheric flows influence the structure of the overlying coronal loops, leading to flares as the loops rearrange to a more potential state.
